Las Cumbres Observatory Global Network (LCOGT) is building the Network of Robotic Echelle Spectrographs (NRES), which will consist of six identical, optical (390 -860 nm) high-precision spectrographs, each fiber-fed simultaneously by two 1 meter telescopes and a thorium argon calibration source, one at each of our observatory sites in the Northern and Southern hemispheres. Thus, NRES will be a single, globally-distributed, autonomous observing facility using twelve 1-m telescopes. Simulations suggest we will achieve long-term precision of better than 3 m/s in less than an hour for stars brighter than V = 12. We have been fully funded with an NSF MRI grant, and expect our first spectrograph to be deployed in Spring of 2015, with the full network operation of all 6 units beginning in Spring of 2016. We discuss the NRES design, goals, and robotic operation, as well as the early results from our prototype spectrograph.
INTRODUCTION
Las Cumbres Observatory Global Telescope (LCOGT) has deployed and now operates a worldwide network of optical/NIR telescopes, dedicated to research in time-domain astronomy. At this writing (June 2014), it comprises two 2m telescopes, nine 1m telescopes, and a variety of smaller apertures distributed across six observatory nodes in the Northern and Southern hemispheres, as shown in Figure 1 . IT, administrative, and maintenance resources are located in Santa Barbara, California and Birkenhead, UK.
Recent explosive growth in the demand for radial velocity observations and for classification-grade spectroscopy of moderately bright stars have motivated LCOGT to begin development of the Network of Robotic Echelle Spectrographs (NRES), consisting of six cross-dispersed echelle spectrographs, each one fiber-coupled to two of the LCOGT 1m telescopes.
Twenty months into the NRES project, virtually all design decisions have been made, and many of the main components have been purchased or fabricated. In the following sections we briefly review the motivation for NRES, and describe in detail the major design choices, our implementation of them, and the project's status.
Exoplanets and the Need for Radial Velocity Measurements
In the recent past, our understanding of exoplanets was limited by the short list of known exoplanets and candidates. With few candidates, a sufficient follow-up effort could be devoted to quickly confirming likely planets and understanding each one thoroughly. Now, there are so many exoplanets and each one can reveal so much that the primary bottleneck has shifted to the lack of sufficient high-precision Radial Velocity (RV) and spectroscopic resources to confirm new candidates and to adequately characterize them. Indeed, the need for high precision RV is so dire that the Astro 2010 report of the panel on Planetary Systems and Star Formation made the following recommendation: "Even if the limiting precision were to remain fixed, the panel recommends a substantial expansion of the telescope time available to pursue radial-velocity work."
The need for this capability is simply that exoplanet discoveries gain much of their value from adequate spectroscopic follow-up. This applies in different ways to different kinds of exoplanet studies. Transiting planets Figure 1 : A map of all active 1 meter sites (orange dots) which now host an observatory node. Negotiations for additional sites, in China, the Canary Islands, and Hawaii (red triangles) are underway. Bryne Observatory at Sedgwick Reserve, where the NRES prototype is located, is shown as a blue square.
must be vetted to reject false positives, to characterize the host stars of genuine transits, to estimate the planetary masses, and to learn the orientation of the planetary orbit. Current transit searches having such requirements are described by, e.g., 1-6. Looking forward, the Transiting Exoplanet Survey Satellite, TESS, 7 has now been selected for flight, with launch scheduled for 2017. Its full-sky survey of bright stars will add tens of thousands of transiting planet candidates to the current list.
Similarly, once planets (transiting or not) have been detected, continued precise spectroscopic follow-up is needed if the mass and orbital properties of the planet are to be known. Because multi-planet systems are common, e.g., 8, 9, it is very desirable to maintain long-term RV monitoring of systems with known planets, to characterize any planetary siblings.
NRES is specified to provide an efficient, uniform, automated source of spectra for stellar classification and RV vetting, with capacity sized to match the anticipated rate of planet candidate discoveries. To do this, we aim at achieving accuracy better than 3 m/s in exposure times less than an hour for stars brighter than V = 12. For spectrographs that are fed by 1m telescopes, this goal is aggressive but achievable.
Multiplexing Opportunity Offered by a Network
For the science goals described above, the figure of merit of most concern is how many distinct RV observations a facility can obtain per hour of wall-clock time, at given precision and target star magnitude. (1, 3, 10 , and 30 m/s), labeled at the intersection between the red and blue lines -where NRES and Keck/HIRES are equally productive. To the left of these intersections (brighter stars), NRES is more efficient than Keck/HIRES for the specified RV precision.
The startling conclusion from this Figure is that even for RV precision as good as a few m/s, NRES outperforms Keck/HIRES for stars as faint as V = 12, and with a (30 m/s) precision sufficient to detect Hot Jupiters, can produce RV samples faster than Keck/HIRES to V = 15! An important reason for this outcome is simply the multiplex advantage conferred by many telescopes able to point simultaneously at targets that are well-separated in the sky. This advantage is maximized by concentrating (as the science goals encourage us to do) on relatively bright target stars, at relatively modest RV accuracy. We gain further performance advantages via the simple (hence efficient) optical design of NRES, and through a system design that minimizes overheads for target acquisition and CCD readout. Our target accuracy of 3 m/s is motivated largely by the appearance of intrinsic noise from stellar p-modes at RV accuracies below about 2 m/s. Reducing measurement noise below this level requires long integration times, even for bright stars.
LCOGT Network of 1-m Telescopes
The LCOGT network of 1-m telescopes is described in detail in 10. As this is written (June 2014) the network consists of 9 x 1-m telescopes: one at McDonald Observatory, two at Siding Spring Observatory in Australia, and three at each of Cerro Tololo Interamerican Observatory in Chile and the South African Astronomical Observatory. Further telescopes will be deployed as funds for them become available, up to the 15-telescope 1-m network described as "Phase C" in 10. This desired configuration is shown in Figure 1 . Figure 3b shows LCOGT's first 1-m telescope. All other one meter telescopes in the network are identical to this one. They are corrected f/8 Ritchey-Chretien designs with 50 arcmin diameter fields of view. The mounts allow blind pointing to 30 arcsec and tracking accurate to about 1.5 arcsec per hour, with autoguided accuracy well below the seeing disk size (0.3" RMS). They are optimized for observing many objects quickly, with slew rates of 10 deg/s in both axes, and a drive settle time after a slew of about 3 s. Telescopes are thus able to move from target to target in less than 30 s (worst case) -faster for targets that have typical angular separations. The CCD detector read time will be at most 16 s (for 1 x 1 binning), and will take place concurrently with telescope slews.
LCOGT's 1-m telescopes are normally deployed in clusters of two or three, as illustrated in 3a. Each site consists not only of domes to hold the 1-m telescopes (one per dome), but also a centrally-located Site Services Building (SSB). The SSB is a specially-modified shipping container that holds hardware for services that are needed by all of the site's telescopes, including computing, power distribution, weather monitoring, and cooling.
Just as important as the network telescopes themselves is the software mechanism used to schedule and control them. The control system that is now on line is a comprehensive suite of interacting software packages that performs all of the functions necessary to run the network as an integrated scientific instrument. It has major components that control (a) individual telescopes and their instruments, (b) all of the telescopes at a single node, (c) network scheduling among nodes, and (d) data processing and real-time feedback of results to the scheduling process. We now use this functionality on a daily basis to operate the entire nine-telescope 1 meter network and to obtain imaging data. Further details of the network design and implementation may be found in 10.
During the time NRES has been under design, we have assembled a scaled-down prototype, which we are using to reduce risk to the NRES program. The prototype is an R = 25,000 cross-dispersed echelle with the same basic design as NRES, built mostly from off-the-shelf parts, and now installed at LCOGT's 0.8-m telescope at the Byrne Observatory at Sedgwick (BOS), located in a dark site northwest of Santa Barbara. The major goals of the prototype system were to expose unanticipated problems in the general spectrograph design via an end-to-end test, and to test hardware and develop software for the spectrograph's control.
LCOGT has committed a minimum of 20% of 1-m network time to NRES observations, and may devote much more, depending upon proposal pressure.
THE NRES SYSTEM
Each of the six NRES units will consist of four major components, coupled by optical fibers: two acquisition/guider units (AGUs -one for each of two 1-m telescopes), one calibration light source, and one spectrograph with its environmental controls. The AGUs will always be mounted on their respective telescopes, so a telescope can commence spectroscopic observations with a latency of less than 5 s. The calibration light source will contain lamps for flat-fielding and for wavelength calibration (ThAr), and optics to switch between them. One fiber from the calibration unit will go directly to the spectrograph, while others go to the AGUs so that calibration light can be directed into the "star" fibers when needed. The spectrograph consists mainly of optics mounted on a bench inside an environmentally controlled enclosure. All of this fits in an air-conditioned 20ft shipping container located between two 1-m telescope domes. The average telescope-spectrograph fiber run will be about 25 m. We do not provide for a separate sky fiber. For faint targets in bright moonlight, we will combine data on sky brightness from the AGU with known lunar spectra and ephemeris data to derive a correction to the stellar RV measurements. 
SIRES COLLIMATOR L4 SERVES AS WINDOW TO DEWAR

Optical Design
Three strategic choices govern the main design parameters of the NRES spectrograph: the host telescope aperture of 1m, the detector (a Fairchild 486 4K x 4K device with 15-micron pixels, chosen because LCOGT owns a number of them), and the desired resolution of R 50, 000, consistent with using a ThAr lamp for calibration, rather than an I 2 vapor absorption cell). For simplicity, high transmission, and ease of alignment, we opted for a Littrow rather than a white-pupil design. The resulting design is both simple and conventional in its general approach, being similar in concept to designs for the McDonald Observatory Sandiford Spectrograph, 11 the Palomar East Arm Echelle, 12 the Lick Automated Planet Finder, 13 the Carnegie Planet Finder Spectrograph, 14 and SOPHIE.
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We applied the design philosophy of these instruments to our 1-m apertures, with the aim of achieving very high optical throughput, wide wavelength coverage, and simultaneous fiber input from two telescopes.
Given the design philosophy described above and ability to use the Sinistro detector design, 16 we produced a detailed optical design, shown in Figure 4 . This design uses an R4 echelle grating (41.6 l/mm, size 165 x 320 mm, from Richardson Gratings) as the main dispersing element, with cross-dispersion from a 55-degree prism of Ohara PBM2Y glass. The all-refracting lens system serves as both collimator and camera. Light comes in via a 3-fiber cable, including one fiber from each of two 1-m telescopes, and one fiber carrying light from a ThAr lamp. We determined that a small vignetting (about 15% blueward of order 114) resulted in only a minor reduction in performance but a significant decrease in the needed dimensions of optics, resulting in a much lower cost. Figure 4 : The optical layout showing the double-pass design of the NRES spectrograph, shown from the top down (above) and from the side (below). Light is injected via the 3-fiber cable and corrected before a turning mirror injects it into the collimator. After passing through the cross dispersing prism and echelle, it comes back through the collimator to focus the light onto the detector. The field flattener (analogous to the input corrector) at far left doubles as the window to the CCD dewar. The yellow light cone shows the approximate path of the input beam, and the blue, green and red cones show the approximate path of the 114th, 97th, and 60th orders, respectively.
Since we will not calibrate with I 2 , the NRES optimal spectral resolution derives from the relatively large stellar linewidths, not from the very narrow and highly blended I 2 line structure. Modeling shows that for our detector, the expected Doppler noise shows a broad minimum centered at about R = 53,000. We have therefore sized the spectrograph for unvignetted operation at this resolution, over the wavelength range 380 nm to 860 X-position (mm) 20 30 nm. The 3 input fibers will be separated by 220 microns in the direction perpendicular to the dispersion. The layout of echelle orders on the detector chip is shown in Figure 5 ; the field covers orders 54 to 122, with full coverage of even the redmost orders.
As is usual for highly-corrected optics, we re-optimized the collimator design after purchasing glass for its various lens elements, using measured melt refractive index data.
To maximize uniformity across the six spectrographs and to provide for breakage or other disasters, we obtained seven copies of each element, all fabricated from glass from the same melt. 
SPECTROGRAPH
The spectrograph is bench-mounted in a temperature-and pressure-controlled chamber and has only one regularly-moving part -the shutter -inside its environmental chamber. By eliminating mechanisms necessary to adjust optics, we simplify the design, and assure a system that has great intrinsic stability.
The optical/mechanical layout of the NRES spectrograph is shown in Figure 6 . Starlight enters the spectrograph environmental enclosure via a three-fiber optical cable, passing through a pressure-tight port through the enclosure bottom plate. The end of this cable injects light between the CCD cryostat and the collimator housing and through a field flattening lens, where a turning mirror reflects it into the collimator. Parallel light leaving the collimator passes through the prism cross-disperser, is diffracted from the grating, and then passes back through prism and collimator to be focused through another field flattener and onto the CCD detector. The final field flattener also serves as the window to the cryostat. Light from the collimator that is reflected from the first face of the prism is captured and passed into an exposure meter, which measures the flux from each of the three input fibers to an external detector via a trifurcated fiber.
All components are mounted on an optical bench made entirely of aluminum, with dimensions of 800 mm wide by 1400 mm long by 52 mm thick. The bench also carries a fixture to mount a 3-dimensional positionmeasurement arm (Faro arm), which is used for assembly and preliminary alignment.
Detector
The CCD detectors used for NRES come from LCOGT's stock of Fairchild 486 devices. These have 4K x 4K format with 15-micron square pixels, and are thinned and backside-illuminated, with broadband antireflection Figure 6 : CAD representation of the NRES spectrograph optical bench. From left to right one sees CCD in its dewar, the collimator/camera lens, the cross dispersing prism, and the echelle grating. A wedge mirror catches the reflection off the prism and sends it through an optical tube for our exposure meter, seen in the foreground (see §4.6).
coatings. Their quantum efficiency is 80% at 400 nm, peaks at 91% at 550 nm, and falls to 55% at 860 nm. The planned 67-micron input fibers are over-resolved by a factor of 4; this oversampling is desirable for precise radial velocity measurement.
To operate these detectors, LCOGT has developed in-house an innovative and flexible controller. 16 This controller allows a wide range of formatting and readout speeds and other options, and adds almost no noise to the intrinsic CCD read noise. With it, we expect to achieve a read noise of about 7 e-/pixel at 1 MHz readout rate, requiring 16 s to read the full format. LCOGT is building 12 of these controllers (with accompanying dewars and cryocooler systems) as subsystems of the standard imagers for our 1-m network. For NRES's purposes, we will simply build 6 more, with low unit cost deriving from economies of scale.
Collimator
The spectrograph's key optical component is the collimator/camera lens, shown in Figure 6 . For an f/4.5 beam emerging from the fiber and a collimator focal length of 380 mm, we obtain a collimated beam diameter of 85 mm, and a vignetting-free camera aperture of 185 mm. The collimator/camera lens uses all spherical surfaces and standard glass types, with no crystal (e.g. CaF 2 ) elements. It delivers images sizes (80% encircled energy) below 20 microns diameter for 420 nm < λ < 770 nm, and 90% encircled energy within 40 microns diameter for 380 nm < λ < 880 nm.
The alignment of the collimator's 5 elements are critical, with the triplet having alignment tolerances in the few micron range. LCOGT worked with Opto Alignment in North Carolina to develop mounting cells and complete assembly that is aligned on their laser alignment stations built in-house. This allowed for an overall savings by keeping the optics edging tolerances manageable and leveraging the assembly experience of Opto Alignment for a low unit cost.
The collimator stage has travel of +/-1.5mm driven with an encoded linear actuator and flexure movement for the final adjustment to focus. This allows us to adjust the focus remotely during alignment and eliminates the need to precisely control the temperature of the lab during assembly. The motor is normally powered off and the stage has been measured to be stable relative to the base to within a few nanometers over weeks.
Prism
The prism cross disperser is 125 mm tall, has a 55
• apex angle, and long edges of 195mm. From experience with our prototype we were concerned about getting prisms with good homogeneity, specified at ∆n = ±2x10 −6 , such that image quality is maintained. After discussing with many colleagues and vendors, we were eventually able to contract directly with Ohara to anneal 4 large rectangular blocks of their iline PBM2Y glass, which were tested for homogeneity interferometrically and then cut into prism blanks very near the final desired shape. ML Optic in Nanjing did the polishing and delivered all 7 prisms in specification measured in transmission at the proper angle of incidence for an extremely competitive price. Savings over 7 prisms of about $150k were realized by managing and carrying the risk of ordering the glass direct from Ohara and without adding contingencies for extremely costly glass.
Grating
The grating is mounted kinematically via three differential thread flexure posts that allow small adjustments to position and angle in situ. The connections to the fused silica substrate are made via epotek 301-2 epoxy to invar pucks glued to 3 sides of the grating. The base allows positioning on the optical bench, holds baffles, and secures a shoe-box style cover with a hole in the front.
Input Optics
The fiber input is mounted to a focus flexure stage similar to the collimator, but smaller. Post style mounts are planned for both the input optic and the turning mirror.
The shutter is the only moving part inside the spectrograph. We have designed a magnetically latching bistable solenoid shutter and performed endurance tests on it. The shutter blade is made of a hardened 301 HH stainless steel which has lasted over 1 million cycles without a failure -the equivalent of more than 20 years of normal operation.
Exposure Meter
The exposure meter must measure the intensity emerging from each of the three input fibers, with time sampling that is significantly shorter than the typical spectrograph exposure time (60 s or more). For this purpose, it uses the beam of nearly parallel light reflected from the first surface of the prism. At this point in the optical train, lateral chromatic aberration in the collimator causes each fiber image to appear as a short spectrum seen at infinity. We correct this aberration by reflecting the beam at roughly 45
• incidence from a thin (2.6
• wedge) back-aluminized prism. We then collect and reimage the light at f/13.9 with a Celestron 90 mm Maksutov spotting telescope.
We capture light from the reimaged fibers with three 200-µm fibers in a special ferrule, and pass it back out of the environmental chamber where a small CCD camera is used to measure the flux from each fiber.
Coatings
We have contracted with Reynard Corporation to coat all spectrograph optics and provide multiple witness samples from actual runs. In total there will be 36 lenses (6 each of 6 different shapes), and 6 prisms to coat. The sizes range from 15 mm diameter to 250 mm diameter with most lenses tending toward the larger end of that range. There are 6 different glass types, and the prisms are from a custom Ohara melt and difficult to replace.
The wavelength range of interest is 386 to 871 nm. For most surfaces, the reflectance specification is "as good as reasonable" with our throughput models expecting reflectance < 1% per surface averaged over all wavelengths. A ghost analysis determined that there are three critical surfaces: the external surface of L1C and both surfaces of L4 (see Figure 6 ). Our specification requested 0.1% reflectance for those surfaces. Reynard produced a design that met that specification averaged over all wavelengths, but quoted < 0.25% best effort. Most optics are used on axis in an f /4 beam, however due to the nature of the design, some surfaces have more power and thus higher angles of incidence. We have, however, optimized the design for normal angles of incidence. With the exception of one, all surfaces will be used in a temperature controlled (22
• C) dry air (< 10% RH) environment. The L4 surface 2 coating will be used in a vacuum (10 −7 mbar) environment and will likely be operated at 12 to 17
• C due to thermal radiation to a cryogenically-cooled detector.
Due to the prism's high cost and long lead time, we are concerned about its coating process. We anticipate thermal modelling of the process, and have both scheduled and paid for a dedicated run to coat a single prism optic to validate the process and minimize the damage risk.
Stray Light
During the final stages of optical design, we performed a ghost analysis, and re-optimized the system to minimize the number and significance of contributing surfaces. We did not perform non-sequential ray tracing analysis to study higher order ghosting from within the instrument assembly. Rather, we opted to take a best practices approach to minimize it.
In general and where possible, we trap stray light with deep blackened cavities, but we pay special attention to the critical surfaces with a CCD mask, grating mask, and central baffle within the camera/collimator assembly. We will install a close-fitting detector mask inside the cryostat which masks the unused CCD area outside the desired spectral footprint. It will be an aluminum knife edge coated with vacuum-prepared Alion MH-2200. To reduce stray light from unwanted orders, we have created a deep cavity structure around the echelle and masked all but the unvignetted pupil entrance to this cavity. We intend to coat these baffles with low reflectance (but less durable) Aktar metal velvet. The camera/collimator assembly includes seven internal baffles and two at the ends of the double pass optical system. These baffles are laser cut from 125 µm thick stainless sheet stock, and supported by thicker aluminum backing plates. This method approximates knife edges while keeping costs down. The central baffle is designed to be tight to the beam footprint at its location, but the others are looser fit to minimize the contribution from their edges. We coat all of these baffles with MH-2200.
ALIGNMENT
The prototype spectrograph provided valuable experience of what is needed to get optimal alignment, identify image quality issues, make effective baffles, and make mounts adjustable and repeatable. We attempt to learn from these lessons by making the NRES spectrograph significantly more straightforward to align. We have purchased a coordinate measuring arm with 2.4m diameter reach and absolute accuracy of ±20µm to facilitate the alignment process. We have used the arm to align the fiber test station, described in §7. Optical cells and mount have been designed with precision fiducials on or near optical surfaces that allow direct positioning of all components to optimal position based on the optical design. We plan to remove fragile components like the collimator and grating during shipping which will be replaced to their kinematic mounts after arrival, without need for realignment. A temporary flat mirror, also with alignment fiducials, can be used in place of the prism or grating to individually test image quality of collimator and collimator/prism.
ACQUISITION AND GUIDING UNIT
The Acquisition and Guiding Unit (AGU) allows us to send either starlight from the telescope or calibration light from the calibration unit ( §8) down the science fiber. Each telescope that feeds the spectrograph has an AGU.
In the science configuration, light from the telescope hits a diamond turned aluminum field mirror, a flat, and finally a camera lens which focuses the light onto an acquisition camera with an unvignetted field of view of 8'x12'. There is a 225 µm hole in the center of the diamond turned mirror, which allows the targets light to pass through to a reimaging lens and is focused onto the spectrograph fiber. In this way, we get an image of the field on the guide camera with a small hole where we place our target onto the fiber.
In the calibration mode, a mirror is placed into the light path, and light from the calibration unit is directed into the side of the AGU and down the science fiber. We can insert either continuum light or Thorium Argon light into the science fiber this way to cross calibrate each of the fibers. 
FIBER
Recently, octagonal fibers have been shown to improve the stability of fiber-fed spectrographs by providing drastically improved near-field scrambling relative to their circular counterparts. 17 We opted for 67 micron core octagonal fibers from CeramOptec, which projects to 2.77" on the sky and 4 pixels on the detector. Our fibers have a numerical aperture of 0.22 ± 0.02, a low-OH fused silica core for high UV throughput, a 125 µm fluorine doped silica cladding, and a 145 µm polyimide buffer. Because Ceramoptec could not guarantee a Focal Ratio Degradation (FRD) or rotational tolerance, we purchased the bare fiber and will do the jacketing and terminations ourselves. Figure 7 : An overview of all the fibers for each spectrograph. We have 200 micron circular fibers (purple) for all calibration light and 67 micron octagonal fiber (blue) for all of the science light. The calibration path is discussed in §8 and the science path is discussed in §7.
A schematic of the fibers is shown in Figure 7 . Light from each of the two telescopes comes into the AGU ( §6) and travels via fiber about 20 meters (which varies by site and telescope) to a thermal break box inside the igloo ( §9.3). A third fiber from the calibration unit brings the simultaneous Thorium Argon calibration light to the thermal break box. This box allows the stainless steel jacket and fiber to expand and contract as the outside temperature changes without stressing the fibers and introducing additional FRD, and also contains a mechanical break to standardize the fibers across the sites and make installation easier. While we do not think a double scrambler is necessary to reach our target precision of 3 m/s, it is straightforward to upgrade the thermal control box to include a double scrambler if needed. From there, the three fibers meet into a single jacket and ferrule which feeds directly into the spectrograph.
Connectors
FRD is generally caused by stress on the terminations of the fiber. To avoid this, we designed a custom SMAcompatible fiber connector, as shown in Figure 8 . The connectors have grooves for the fibers to lie in, and pockets for epoxy. The epoxy is doped with silica powder to match the coefficient of expansion of the fiber and is sufficiently far from the tip of the fiber so as not to stress and warp the tip, but close enough that the end will not move during normal operation. Figure 8 : The SMA-compatible fiber connector that holds the three fibers for the spectrograph -one from each telescope and one from the calibration lamp. There are two pockets for epoxy, recessed far enough that it wont introduce stress on the fiber tip, but close enough to the end that the fiber tip will not move during operation.
The SMA-compatible fiber termination plugs into the the back of the pinhole mirror inside of the AGU, and its position is visually aligned with a microscope and locked down, fixing its position relative to the pinhole. On the spectrograph side, the rotational alignment (to align the octagonal fiber faces with the dispersion direction) will be adjusted under a microscope and taped before bonding the fibers into their ferrule.
Fiber Cleaving
Rather than polish the fiber ends, we chose to cleave the fibers with an LDC-400 cleaver (with an optional micrometer backstop) from Vytran * . When done correctly, the cleaving process is a controlled and highly repeatable break that leaves the fiber with an optically-flat, perpendicular face. This requires stripping the buffer from the end of the fiber before cleaving it (for which we use a butane torch), tensioning the fiber precisely, and nicking it with a diamond blade.
However, there is a delicate balance between too much tension, which causes the pent-up stress to ripple the face of the fiber when relieved, and too little tension, which allows the blade to penetrate into the core of the fiber before it breaks, destroying the optical quality of the cleave. Following test cleaves done by Vytran, we use 130 g of tension. This is quite low for a typical fiber of this size, but we avoid a chip by using the micrometer backstop option. This procedure may be revised pending tests of the fiber performance. To test the fibers, we built a test station largely copied from 18 and constructed mostly from Thorlabs parts. It is capable of measuring FRD, throughput, and near and far field scrambling efficiency.
CALIBRATION UNIT
Variations in temperature and in barometric pressure deform the spectrograph and change the refractive indices of its optical materials. These changes in turn cause spurious Doppler shifts, which must be calibrated out. Environmental control keeps these changes relatively small and slowly-changing with time. To remove the remaining variations we must calibrate against a stable wavelength source. For this, we follow Mayor and colleagues (e.g., HARPS, SOPHIE), using optical fibers to control errors from slit and pupil illumination, and a separate reference fiber that carries light from a ThAr hollow-cathode lamp. By continuously comparing the detected positions of the ThAr lines with those of stellar features, we are able to correct, to first order, for spectrum displacements caused by environmental factors. For removal of small-scale structure in the CCD's photometric response, it is also desirable to illuminate the science fibers with white light (a "flat field").
The calibration unit is designed to inject light from a Thorium-Argon lamp down a calibration fiber during each science exposure and also to send either ThAr or white light back down each of the telescope fibers. A schematic of the calibration box is shown in Figure 7 .
To match the intensity of the arc lamp to the stellar spectrum during each exposure, we use a step-variable Neutral Density (ND) filter to attenuate the flux from the ThAr lamp. In order to avoid fringing, we fabricated our own filter with a photographic process. The roughness of the film's gelatin coating introduces sufficient phase structure to the filter to destroy the coherence of the fringes.
In our original design, we used a pellicle beam splitter in place of a turning mirror to choose between the flat light and ThAr light. However, because the pellicle is only 2 microns thick, this introduced low-frequency fringing that attenuated light from entire orders. We replaced this beamsplitter with a turning mirror to eliminate this fringing.
In order to boost the UV flux of the flat lamp, we will combine the Tungsten Halogen light with a Xenon lamp using a dichroic beamsplitter (Semrock, FF458-Di02-25x36). In addition, because the Tungsten Halogen lamp is significantly brighter in the red, we use a ocean optics, BG-34 filter to flatten the spectrum.
ENVIRONMENTAL CONTROL/ ENCLOSURES
Performance Requirements
Although ThAr calibration works well, both experience and theory show that one should rely on it only within limits; the calibration works better if the instrumental shifts are small to begin with. Since the spectrum's motion across the detector due to the Earth's orbital (∼ 30 km/s) and rotational (∼ 500 m/s) velocity cannot be avoided, we aim to keep the instrumental motion a negligible fraction of that: 30 m/s. If our system is mechanically and optically stable at this level, then ThAr lines will always be found within less than 0.1 pixel of their nominal positions on the CCD. This implies that we must stabilize the spectrograph temperature to 0.01 C (RMS), and the pressure to 0.02 mb (RMS). These requirements are echoed in many spectrographs that aim to achieve similar precision as NRES. 13, 15, 19 9.2 Environmental Chamber/Spectrograph Housing NRES optics are isolated from the mountaintop ambient environment by nested shells of alternating layers of thermal insulator and thermal conductor. The innermost of these thermally conducting aluminum shells forms an isothermal and isobaric environment around the critical optics (see Figure 9 ). The inner shell is contained within and insulated from a middle shell, which is actively controlled by a PID loop within ±0.1 C, and is itself insulated from the surrounding air. The middle shell and its insulation are mounted within a room-size outer shell (the "igloo"), in which the air temperature is actively controlled within ±10 C.
Since the isobaric inner vessel distorts with changing pressure across its wall due to diurnal and weatherrelated processes, and it proved difficult to completely seal our prototype enclosure, we actively control the pressure of the inner vessel. We do this with a Proportion Air MPV2 air regulator. In this design, both the ambient and spectrograph pressure sensors are housed inside the isothermal spectrograph environment and are therefore immune to temperature-related drift.
Precision temperature control of instrument is performed by actively controlling the temperature of the conductive (aluminum) but isolated intermediate shell surrounding the spectrograph. We do this with a custom multi-channel PID system based on our camera's temperature controller. The NRES temperature controller is a 16 channel version of that found in the camera with 16 additional precision temperature sensors which monitor points within the spectrograph and ambient environment. Based on experience with the camera we expect the THERMAL /VIBRATIONAL ISOLATION-NRES temperature sensor noise floor to be < 30µK RMS, so control will be limited only by system time constants and algorithm tuning.
It is necessary to locate the CCD detector inside the pressure vessel to minimize motion which would otherwise result from a rigid mount to the distorting pressure vessel. Active and variable loads on the detector system (vacuum gauge, ion pump, potential mixing fan, gas refrigerant lines) drive the most challenging variables to the spectrograph temperature control. We address the only true variable, the refrigerant lines, by close thermal coupling of supply and return, extra insulation, and thermal isolation from the camera housing. These lines also receive a dedicated channel from the temperature controller, further isolating them from the critical parts of the system. Figure 9 : Schematic representation of the NRES spectrograph, showing the nested box design for thermal control. The outer box is covered in 100mm insulation and inner box is covered by 75mm insulation separated by 1.2mm thick aluminium box with 24 temperature sensors and 12 resistive heaters. The inner box is thermally passive, but is sealed and pressure controlled. A thermal insulation barrier separates the CCD from the rest of the optical bench. Interior temperature sensor locations are shown with blue RTD symbols. The CCD cooling supply and return lines penetrate the box to the lower left and are connect to the CCD cryostat just before a resistive heater, called the camera thermal drive.
Igloo
We have purchased a used insulated 20ft "reefer" shipping container. These are commonly used for refrigerated cargo and are readily available in quantity. Using these industry-standard units eliminates design and schedule outlays for insulating a bare container. We are currently outfitting them with lights, a partition, additional insulation to the floor, and replacing the on board oversized HVAC with a ductless Mitsubishi unit (already employed on each of our telescope domes) able to also warm the outer chamber when necessary.
We estimate the (nominally unvarying) internal heat load to be 1000W, predominantly from the CCD cryo chiller (500W, Brooks PolyCold PCC/CryoTiger) and recirculation fans (420W). Conductive heat loads from the outside air will be modest; even at the specified temperature extremes they will be only about half of the internal heat dissipation. The largest load, by a factor of a few, will be from absorption of sunlight. Accordingly we will paint the Igloo with a high-quality white paint and build a chain link fence cage, and fit it with privacy slats on all sides, include the top. This will protect the Igloo from 90% of direct sunlight while permitting nearly unimpeded airflow, and coupling any wind energy to the ground, rather than container.
Operations and Analysis Software
Operations software for NRES will consist of three parts: thermal control, acquisition and autoguider control, and connections into the LCOGT network's automated scheduling and analysis system. Thermal control software is in hand and tested. The acquisition scheme is integrated into the autoguider, which matches the observed star pattern with a pattern generated from the USNO-B1.0 or 2MASS catalogs, with proper motion added, to robustly identify the target in under 3 seconds. The guider moves the source to the fiber position robotically, then continues matching the same star pattern and making small adjustments to keep the target on the fiber for the duration of the exposure. Since we are matching a pattern, jumping caused by source confusion is eliminated. This is identical to the acquisition and guiding software currently in use on FLOYDS, a low-resolution spectrograph at LCOGT 20 which has demonstrated a performance of 0.3" RMS over 6 hours. Such consistent illumination of the fiber is critical to the stability of the spectrograph. Hooks into the scheduler will be almost identical to those for our existing imagers.
Data analysis software will consist of modules to calibrate the raw images, to extract 1-dimensional spectra from 2-dimensional images, to determine the instantaneous wavelength calibration, to extract radial velocity, linewidth, line strength parameters, stellar parameters, and to compute data quality metrics. Work on this reduction package is underway and far from complete. We will report elsewhere about the implementation of these software modules.
